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This paper presents the results from a study to design an adaptive shock control bump for a transonic 
aerofoil. An optimisation framework comprising aerodynamic and structural computational tools has 
been used to assess the performance of candidate adaptive bump geometries based on a novel surface-
pressure-based performance metric. The geometry of the resultant design is a unique feature of 
its adaptivity; being strongly inﬂuenced by the (passive) aerodynamic pressure forces on the ﬂexible 
surface as well as the (active) displacement constraints. This optimal geometry bifurcates the shock-wave 
and carefully manages the recovering post-shock ﬂow to maximise pressure-smearing in the shock-
region with only a small penalty in L/D for the aerofoil. Short adaptive bumps (with small imposed 
displacements) generally perform better than taller ones, and maintain their performance advantage for 
a wide range of bump positions, suggesting good robustness to variations in shock position, which are an 
inevitable feature of a real-world ﬂight application. Such devices may offer advantages over conventional 
(ﬁxed geometry) shock control bumps, where optimal performance is achieved with taller devices, at the 
expense of poor robustness to variations in shock position.
© 2018 Published by Elsevier Masson SAS.103
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1291. Introduction
Shock control bumps (SCBs) have received considerable atten-
tion in recent years owing to their potential to reduce wave drag 
[1–4] or delay transonic buffet [5–7]. They work by modifying the 
upper surface geometry of a transonic wing in the vicinity of the 
shock wave to favourably impact the airﬂow. Previous research 
into SCBs has comprised a mixture of experimental and compu-
tational efforts. Computational studies have invariably looked at 
complete (or part) wing geometries and considered global metrics 
(such as the wing’s lift-to-drag ratio) to assess the impact of SCBs 
on performance. Such studies have conﬁrmed the performance-
enhancing potential of SCBs, but concede considerable uncertainty 
regarding details of the ﬁne-scale features of the ﬂow due to res-
olution limitations. In contrast, experimental studies lend them-
selves to detailed studies to resolve the ﬁne-scale features of the 
ﬂow produced by SCBs (often in isolation), but struggle to replicate 
real-world (i.e. in-ﬁght) conditions and very rarely offer global per-
formance metrics such as L/D.
SCB performance is highly sensitive to shock position [8]. Stud-
ies of SCBs at so-called ‘off-design conditions’ (deﬁned in most 
investigations as being when the shock wave is deemed to be up-
E-mail address: p .bruce @imperial .ac .uk (P. Bruce).https://doi.org/10.1016/j.ast.2018.03.018
1270-9638/© 2018 Published by Elsevier Masson SAS.stream or downstream of its optimal location) have shown that 
even small variations in shock position, as would accompany minor 
changes in Mach number or incidence during ﬂight, can signif-
icantly impact performance, through the appearance of undesir-
able expansions, secondary shock systems, and ﬂow separations 
[9]. Thus, the dilemma facing wing designers is how to exploit 
the performance-enhancing potential of SCBs over a narrow range 
of shock positions (operating envelope) without incurring exces-
sive off-design penalties. One option is to use an array of ﬁnite 
span (3-D) SCBs, which have been shown to be more robust to 
variations in shock position while still achieving an on-design per-
formance beneﬁt close to that of an optimal 2-D SCB [10]. Further-
more, some studies have suggested that 3-D SCBs may also delay 
the onset of transonic buffet (relative to a clean wing or one with 
a 2-D SCB), and thus offer potential for enhancing off-design wing 
performance [6,11].
Another option is to design an SCB with the ability to respond 
to the ﬂow-ﬁeld in the control region to avoid any detrimental off-
design behaviour and maintain global aerofoil characteristics such 
as lift and drag coeﬃcients. The concept of an adaptive SCB is 
not new [1], however the addition of adaptivity brings with it a 
structural aspect that has not been evaluated in great detail with 
only a handful of studies having even begun to look at this as-
pect [12–14]. In contrast, the aero-structural behaviour of transonic 
wings is well characterised and designing a wing surface that is 130
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66 132Fig. 1. Illustration of expected actuator loading and initial sizings. Adapted from [1].
stiff enough to withstand aerodynamic loading without excessive 
deﬂections is a straightforward task. Thus, the integration of an 
adaptive SCB into a transonic wing presents a unique challenge: 
a requirement for suﬃcient surface ﬂexibility to allow useful de-
ﬂections without sacriﬁcing the global structural integrity of the 
wing or compromising critical control surfaces such as ﬂaps.
Little is known about the relative merits of active (e.g. actuator-
driven) vs. passive (e.g. pressure-induced) adaptivity for SCBs. The 
latter potentially offers signiﬁcant advantages in terms of reduced 
complexity and easier integration. Some passive effects are in-
evitable even with an actively controlled system: a material ﬂexi-
ble enough to deform under mechanical actuation will also be sus-
ceptible to the signiﬁcant surface pressure gradients present near 
the shock wave on the upper surface of a transonic wing. For these 
reasons, a multi-disciplinary (coupled aero-structural) approach is 
required to explore the potential of adaptive SCBs, whether actively 
or passively deployed. The aero-structural behaviour of a ﬂexible 
surface in a high speed ﬂow is not a topic that has received a 
great deal of attention in the literature, and those studies that 
do exist tend to focus on purely supersonic canonical geometries 
[15–17]. While these studies have unquestionably shed light on 
the behaviour of ﬂexible surfaces, including the conditions for the 
onset of instabilities (i.e. panel ﬂutter), it is not clear how such re-
sults apply to transonic ﬂows, where the boundary conditions are 
signiﬁcantly different.
In this investigation, we study an adaptive SCB in the presence 
of a strong transonic shock wave on a conventional RAE-2822 su-
percritical aerofoil. This acknowledges the fact that SCBs offer sig-
niﬁcant potential as an enabling technology for applications where 
strong transonic shocks are present. We will show, through a para-
metric study using aero-structural optimisation based on a novel 
performance metric, that adaptive SCBs offer unique performance-
enhancing characteristics when implemented on a transonic wing. 
This work ultimately serves as a framework to explore the unique 
characteristic behaviour of adaptive SCBs and learn how to design 
with them. In this context, the main contributions of this study are 
summarised as: (1) Implementation of an optimisation framework 
that enables optimal adaptive SCB designs for the RAE-2822 aero-
foil; (2) Deﬁnition of a performance metric to assess the potential 
of adaptive SCBs beyond simply reducing wave drag or manag-
ing boundary layer separation; (3) Developing our understanding 
of the unique behaviour of adaptive SCBs and their performance-
enhancing potential; (4) Exploring the performance envelope of 
adaptive SCBs through the consideration of sub-optimal designs.
2. Optimisation framework
In this section we describe the developed aero-structural frame-
work which combines aerodynamic and structural analysis within 
an optimisation loop for 2D adaptive SCBs. The design is based on 
the original concept of [1] as illustrated in Fig. 1. In this concept 
a region of compliant skin on the suction surface of a supercriti-
cal aerofoil in the expected region of the normal shock is actuated 
at multiple discrete locations. This actuation results in structural 
deformation of the skin which, in combination with the effect of 
aerodynamic pressure results in a bump geometry being formed. 
The optimisation process proceeds according to the ﬂow chart il-
lustrated in Fig. 2 until an “optimal” geometry is reached. In this 
context, we use the term “optimal” to describe the converged so-lution of our deﬁned optimisation problem, each aspect of which 
will now be discussed in detail.
2.1. Structural modelling
We ﬁrst consider the structural modelling of the ﬂexible sec-
tion of the aerofoil’s upper surface. This section is modelled as a 
simple rectangular plate with dimensions 200 × 150 mm (stream-
wise length × span-wise width) using a ﬁnite element approach. 
These dimensions were selected to match the parameters used in 
a related experimental study in a high speed wind tunnel, the re-
sults of which are reported elsewhere [18]. The stream-wise length 
of the ﬂexible region (200 mm) corresponds to a bump length 
lb = 0.2c for a nominal aerofoil chord of 1 m. Full ﬁxation against 
translation and rotation is imposed on the upstream and down-
stream ends of the ﬂexible region. The two sides of the region 
are unconstrained. Actuation points are modelled as line displace-
ments which remain constant across the span. These actuation 
lines are controlled via displacement rather than actuation force. 
This is both to facilitate numerical convergence, and also to al-
low straightforward comparison with the typical aerodynamic ap-
proach of existing static SCB designs which stipulate SCB height.
The commercial solver Abaqus [19] is used to perform a ge-
ometrically nonlinear, quasi-static analysis using a Newmark Al-
gorithm with adaptive time stepping. Linearly spaced quadratic 
elements with uniformly reduced integration (S4R) were adopted. 
The rectangular nature of the test piece ensured a very high qual-
ity mesh was produced with zero non-orthogonality. The solver 
was validated against the known analytical solution of a beam in 
bending for a 2 mm out-of-plane displacement that remained con-
stant across the span. The variation of the maximum von Mises 
stress with the total number of elements is presented in Fig. 3. 
A mesh size of 3 ×104 elements was selected for use in this study.
2.2. Aerodynamic modelling
The design cruise conditions for the RAE-2822 aerofoil chosen 
for this study are Mdesign = 0.73 at α = 3.19, Re = 6.5 × 106 [20]. 
This causes an upper surface shock strength of Mshock = 1.25 with 
a location of x/c ≈ 0.495. By selecting this single on-design case 
for aerodynamic analysis, the design space is reduced signiﬁcantly 
which lends itself to design optimisation.
2.2.1. CFD meshing
With many previous optimisation studies for static SCBs, the 
design space and the control parameters used to deﬁne the ge-
ometries are well known. The variation between existing designs 
is small which means that meshing a design for a given set of 
control parameters results in similar meshes for the majority of 
test cases. The similarity between each mesh allows for the con-
struction of a case-speciﬁc meshing tool that can handle the small 
differences associated with each SCB design. A structured mesh re-
quires a rigorous grid to be calculated for each case however the 
subtle differences between subsequent iterations mean that the 
development of a structured mesh generation algorithm is a ben-
eﬁcial option that allows many controls to be put in place, thus 
ensuring high quality meshes.
The mesh is constructed with the use of transﬁnite interpola-
tion schemes as well as elliptic smoothing between the aerofoil 
surface and the bounds of the domain. The former is predomi-
nantly used to initialise the grid based upon the bounding condi-
tions speciﬁed by the user. For this case a standard C-mesh is used 
to allow the ﬂow to become established upstream of the aerofoil 
and to monitor the wake downstream. The overall extent of the 
mesh is shown in Fig. 4a.
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the central location.
Mesh reﬁnement was added to the near-wall and expected 
shock regions to better capture the ﬂow, as shown in Fig. 4c. The 
ﬁrst point away from the wall was placed so that y+ ≈ 5. Fig. 5
presents the results of a mesh convergence study using drag as 
the metric. A mesh size of 2 × 105 elements was selected as a 
compromise between good convergence and a suﬃciently quick 
computational run time to facilitate fast optimisation iterations. 
(See Table 1.)2.2.2. CFD solver
The rhoCentralFoam CFD solver within OpenFoam was used for 
all computations. It solves the conservative form of density-based 
Reynolds Averaged Navier–Stokes equations through the ﬁnite vol-
ume method with Kurganov ﬂux scheme coupled with the van Leer 
ﬂux limiter method [21]. The system is closed using the one-
equation Spalart–Allmaras turbulence model due to the robust 
nature of the scheme for attached ﬂow [22]. This scheme is sec-
ond order accurate in space making it particularly well-suited to 
ﬂows containing strong gradients such as the shock system in tran-
sonic ﬂows and compressible boundary layers. Time derivatives are 
managed by a ﬁrst order, bounded, implicit Euler scheme and the 
gradient and divergence terms are dealt with by a second order, 
unbounded, linear Gauss scheme. The beneﬁts of the Kurganov 
and Tadmor scheme lie within the wave propagation properties 
which is of signiﬁcant importance in this transonic ﬂow case. The 
wave propagations need to be dealt with at the boundaries of the 
CFD domain to ensure the correct passage of the pressure waves. 
The aerofoil is represented by a solid wall which is set to a no-slip 
condition.
2.2.3. Validation
The CFD results have been compared to experimental data for 
the RAE-2822 aerofoil from an AGARD report [20]. The report 
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Table 1
Mesh characteristics.
C-mesh radius No. elements y+ Avg. skew Non-orthogonality
10c 200,000 4.7 0.78 0.2
provides the results from a comprehensive experimental investi-
gation of the RAE-2822 aerofoil for Mach numbers in the range 
0.6 < M < 0.75 and Reynolds numbers from 2.7 ×106 to 6.5 ×106. 
The pressure proﬁle obtained in the current study is shown in 
Fig. 6 and demonstrates good agreement with the results from 
the experiment (at the same conditions). The agreement is particu-
larly good in the shock region, which is known to be a challenging 
area for the Spalart–Allmaras turbulence model. The small differ-
ence between the CFD and experimental results observed here is 
attributed to the high level of mesh reﬁnement in the shock re-
gion that allows precise capturing of the shock-boundary layer 
interaction (SBLI) and subsequent post-shock recovery of the up-
per surface boundary layer. The experimentally obtained lift co-
eﬃcient was 0.721 [20] which compares well with the value of 
0.715 predicted in the present study. Preliminary computations 
with and without SCB have conﬁrmed that the global ﬂow ﬁeld 
(beyond 0.5c from the aerofoil surface) is similar between SCB 
designs. This allows for the numerical ﬂow ﬁeld to be initialised Fig. 6. Experimental and computed CFD pressure proﬁle comparison for the da-
tum RAE2822 aerofoil with no control measures, α = 3.19◦ , M∞ = 0.728, Re =
2.7× 106. Experimental data extracted from [23].
as a converged solution on the clean aerofoil saving considerable 
computation time for each aero-structural iteration. The ability to 
initialise the ﬂow ﬁeld in this manner stems from the capacity to 
map the solution between designs, a capability underpinned by the 
construction of a reliable structured mesh.
2.3. Bump parameterisation
In order to design an eﬃcient optimisation procedure the prob-
lem must ﬁrst be parameterised. We require an eﬃcient choice 
of design variables which are inﬂuential enough to affect the ﬂow 
and enable a suﬃciently large design space, yet are suﬃciently few 
in number to ensure reasonable computation times. We specify 
an adaptive bump based on a loaded beam-type geometry with 
a continuous surface with fully-ﬁxed end constraints to ensure 
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zero displacement and zero slope at each streamwise edge. Each 
actuator requires two parameters: an imposed actuation displace-
ment; and a location within the SCB region. Any additional actua-
tors would necessitate a further two parameters to be included in 
the optimisation. The ideal number of actuators for a 2D SCB was 
investigated by [14] who evaluated the ability to replicate the cen-
treline geometry of the default rounded bump proposed by [24]. The 
results showed that two actuation points were enough to provide 
a suitable representation of the geometry with additional actua-
tors not providing any greater control whilst adding considerable 
complexity.
The design variables illustrated in Fig. 7 were selected for struc-
tural and aerodynamic inﬂuence and are represented by
Ω = [B1 x1 δ1 x2 δ2] (1)
where B1 dictates the start of the morphing region, xi provides the 
chordwise location of the actuation on the pseudo-2D geometry, 
and δi denotes the magnitude of the displacement applied.
Bump height and ramp angle have previously been identiﬁed 
as key parameters that inﬂuence shock bump performance by [4]
and [6]. However, such simple deﬁnitions work best for wedge 
type bumps with a constant ramp angle. By using the loaded beam 
based geometry, the ramp angle continuously changes and is ulti-
mately a function of the actuation height due to the prescribed 
plate geometry. A second actuation point is included in order to 
gain greater control over the crest region. Rhodes [25] produced a 
similar design which evaluated the deformations subject to actua-
tion but without the aerodynamic loading, which is known to an 
important factor in this test case. The effects of aerodynamic load-
ing require an initial ﬂow solution which is calculated by CFD for 
the aerofoil geometry deﬁned by the design variables. Nodes are 
created at the boundaries B1 and B1 + 0.2c, where bump length 
lb = 0.2c following [25], and are used to apply the fully-ﬁxed 
boundary conditions representative of a clamped plate. The aero-
foil geometry outside these bounding nodes remains unaltered.
An additional effect of actuation is to constrain the displace-
ment to limit the effects of the pressure difference. This has the 
potential to make actuated SCBs better over a range of shock 
positions. Each iteration of the optimiser consists of a series of 
perturbations to the design variables in equation (1). A centred 
ﬁnite-difference scheme is used to perturb the initial conditions 
and explore the design space systematically in order to build up 
the sensitivity to each parameter. The optimiser uses the gradient 
based scheme fmincon in the MATLAB optimisation toolbox which 
calculates an objective function via the performance of each per-
turbation.
Bounding the values of the parameters aids the speed of the op-
timisation procedure by reducing the size of the design space. The 
deformed plate geometry is applied to the aerofoil starting at B1, deﬁned in the range 0.35c ≤ x ≤ 0.6c in order to explore the de-
sign space both upstream and downstream of the natural shock 
position on the unmodiﬁed aerofoil (xs/c ≈ 0.495). The range of 
actuation positions is limited to 0.3lb ≤ x1, x2 ≤ 0.8lb with x1 ≤ x2, 
which limits the number of possible SCB shapes. However, the 
wealth of existing optimisation studies for static SCBs supports this 
range [10,26–28]. Furthermore, actuation positions outside of this 
range were expected to yield SCB geometries with very high stress 
concentrations at the clamped ends that would exceed the struc-
tural (material) constraint even with very small displacements. An 
arbitrary upper limit for actuation displacements of δ1, δ2 ≤ 0.04lb
was applied although in practise structural constraints limited dis-
placements to much lower values.
The optimisation procedure for adaptive SCBs can utilise the 
wealth of research undertaken for static SCB especially for the ini-
tial design variable values. Previous research has highlighted the 
importance of SCB position and SCB height which can be directly 
inﬂuenced through the design variables. It is important to note 
that whilst the actuation height can be controlled by the optimi-
sation process through δ1 and δ2, the aerodynamic loading may 
actually increase the overall SCB height. Based on previous studies 
the bounds applied to the design variables conform to the follow-
ing conditions:
0.35 ≤ B1/c ≤ 0.60
0.3 ≤ x1/lb ≤ 0.8
0 ≤ δ1/lb ≤ 0.04
0.3 ≤ x2/lb ≤ 0.8
0 ≤ δ2/lb ≤ 0.04
with x1 < x2
(2)
2.4. Integration of the aero-structural solver into the optimisation 
process
2.4.1. Aerodynamic integration
The aerodynamic loading surrounding the adaptive SCB causes 
a deformation of the plate which in turn affects the pressure dis-
tribution around the aerofoil. Thus, the addition of an SCB may 
impact the lift distribution of an aerofoil. In a real-world situa-
tion this would necessitate a change of angle of attack, altering 
shock position and potentially SCB effectiveness. It is therefore use-
ful to monitor Cl during optimisation to ensure the required lift 
distribution is maintained and speciﬁcally that any global loss is 
avoided as a result of the application of shock control. If the value 
is observed to decrease by more than 1% the design is deemed in-
effective and a penalty value is applied to the optimiser. This is 
added to the constraints of the optimiser and enables the moni-
toring of what is effectively a secondary performance measure to 
strengthen the feasibility of the SCB designs.
The lift coeﬃcient and other aerofoil scale parameters such as 
drag and L/D have been the performance metric of choice for many 
previous SCB studies [27,26,10]. However advances in experimental 
techniques and computational power offer the potential to con-
sider more nuanced metrics at a more local level corresponding to 
smaller length scales. In particular, the CFD component of the opti-
misation is capable of providing quantitative information regarding 
the viscous effects surrounding the SCB which an analytical model 
would not be able to capture.
2.4.2. Structural integration
The structural component is the ﬁrst aspect of the optimisation 
process. As the least computationally expensive process within the 
aero-structural solver, the variables must ﬁrst pass the yield stress 
criterion. In order to ensure that material deformations are elastic 
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tion it is necessary to limit the maximum deformation such that 
the material stress is below the yield stress of the material. This 
limit will feature as a constraint in the optimisation framework 
and penalty values will be returned to the optimiser to avoid plas-
tically deformed solutions. To limit the maximum stress present 
during the deployment, the von Mises equivalent stress is calcu-
lated over each element
σi,eq =
√
σ 2i,1 − σi,1σi,2 + σ 2i,2 (3)
where σi,1 and σi,2 are the principal in-plane stresses for ele-
ment i. The maximum equivalent stress forms the value to be 
constrained by the optimisation.
Due to the ﬂexibility of the system the pressure ﬁeld im-
posed on the plate by the ﬂuid may have a signiﬁcant impact on 
the structural deformation. This additional loading is incorporated 
into the optimisation process as outlined in Fig. 2. For each per-
turbation within the optimiser, an aero-structural iteration which 
includes the initial FEA of the perturbed design variables is per-
formed. If the structural solution has not yielded, a CFD analysis is 
then carried out to provide the aerodynamic pressure ﬁeld. This is 
then applied to a second FEA which provides a deformed geometry 
resulting from the combined effects of actuation and aerodynamic 
pressure. This geometry is then meshed and the CFD run to conver-
gence. This process represents a single aero-structural iteration and 
provided the aerodynamic ﬁeld surrounding an actuated, pressure 
loaded SCB which was used to calculate the performance metric.
2.5. Optimisation objective and SCB performance metric
The performance metric is an important part of the optimi-
sation procedure and selecting a suitable metric determines the 
effectiveness of the optimisation study. As introduced in the pa-
rameterisation section, the design variables selected here were 
chosen based on their ability to inﬂuence the solution in order to 
determine what contributes to a good design. The measure of per-
formance is often chosen to be a global aerofoil parameter such as 
Cl or Cd . However, in the current study, a surface-pressure-based 
objective function is selected that aims to smear the pressure rise 
across the shock as much as possible. The intention of this ap-
proach is to generate optimal solutions that go some way towards 
bridging the gap between optimising for global variables (Cl , Cd
and L/D) and a quantity that can more readily be measured in 
small scale experimental studies [7].
The geometry of a transonic aerofoil can be tailored to increase 
or decrease the adverse pressure gradient in the vicinity of the 
shock wave on the upper surface, as illustrated by the Cp distribu-
tions in Fig. 8. Ultimately, decreasing the adverse pressure gradient 
in this critical region should help mitigate negative effects such as 
a large entropy rise across a strong shock wave and sudden bound-
ary layer thickening or separation, albeit potentially at the cost of 
a small decrease in lift (i.e. the area under the Cp plot).
In practise, the theoretical pressure distributions in Fig. 8 are 
not realisable with the application of a simple local surface geom-
etry modiﬁcation, such as could be achieved with an SCB. Fig. 9
illustrates a set of more realistic pressure distributions that a 
local (SCB-type) device might produce, consistent with previous 
research [9]. These proﬁles include inﬂection points, where the 
pressure gradient changes sign. These inﬂection points are an in-
evitable feature of the local geometry generated by an SCB and 
are intrinsically linked to the extent of pressure smearing that the 
SCB is achieving. They are also indicative of the onset of ﬂow 
re-acceleration, which can be bad for overall performance as it 
can give rise to strong secondary shock waves. Careful manage-
ment (i.e. optimisation) of these inﬂection points can ultimately Fig. 8. Illustration to highlight theoretical variation of pressure distribution for a 
transonic aerofoil.
Fig. 9. Schematic diagram illustrating a typical pressure coeﬃcient distribution 
around aerofoil ﬁtted with an actuated SCB. Inﬂection points are marked with cir-
cles. The start and end of the control region are marked with stars.
yield a design with extensive (beneﬁcial) pressure smearing with-
out excessive (detrimental) ﬂow re-acceleration. This trade-off is 
the rationale of the objective function used in this study, subject 
to additional (material) constraints.
The highlighted inﬂection points in Fig. 9 constitute all of the 
locations in the range B1 ≤ x/c ≤ (B1 + lb) where dCp/dx = 0. 
These points are combined with the start and end points of the 
control region (stars in Fig. 9) to form a subset of values
f = [Cp(B1), Cp(x| dCp
dx =0
)i, ..., Cp(B1 + lb)
]
for i = 1...n
(4)
where n is equal to the number of inﬂection points i.e. where 
dCp
dx = 0.
The difference between consecutive values in f is used to 
provide a differential that represents approximate gradients be-
tween the inﬂection points. In order to smear the pressure rise, 
the largest gradient is targeted and minimised by the optimiser, 
subject to material constraints, as discussed in the following para-
graph.
A unique aspect of an actuated SCB is the performance of the 
plate material under both actuation and aerodynamic forces. The 
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66 132goal of an actuated SCB is to be able to deploy and retract upon 
demand and so the material must not undergo irreversible changes 
such as plastic deformation. With this in mind, a structural con-
straint is applied to the optimiser which penalises any combination 
of design variables that cause the maximum von Mises stress to 
exceed the yield stress as expressed in equation (5). This struc-
tural constraint signiﬁcantly reduces the number of valid shapes 
that are produced by the optimiser. It effectively limits the actua-
tion heights (δ1, δ2) for given actuator positions (x1, x2).
By applying the design variables to the FEA, the structural de-
formation is computed. The surface is deformed and remeshed 
using the structured mesher in preparation for the CFD analysis. 
The resulting pressure ﬁeld is then applied to the plate and the 
FEA is completed and the stress constraint is checked and applied 
if necessary. This aerodynamically-loaded actuated plate geometry 
is remeshed for CFD and run. The aeroelastically converged solu-
tion produces a Cp distribution, from which the subset of points f , 
as deﬁned in equation (4), is extracted. Finally, an objective func-
tion g is deﬁned in terms of this subset of points f , along with 
their corresponding streamwise positions x subject to constraints 
of the form:
g = max
(∣∣∣∣ f i − f i−1xi − xi−1
∣∣∣∣
)
for i = 2...n
s.t. σmax ≤ σy(1− k) (stress constraint) (5)
s.t. 0.99 ≤ Cl
Cl,clean
≤ 1.01 (lift variation constraint)
where the safety factor k is set arbitrarily as 10%, and σy is the 
yield strength of the selected material. Another constraint is added 
based upon the change in lift coeﬃcient Cl in order to penalise any 
design that changes the lift coeﬃcient by more than 1%. In order to 
relate the objective function to the clean aerofoil, the performance 
metric M is deﬁned as
M =
[∣∣∣∣Cpx
∣∣∣∣(B1+lb)B1
]
clean
−min(g). (6)
The ﬁrst term in equation 6 represents an effective pressure 
gradient of the clean aerofoil between the start and end of the 
control region (i.e. the locations B1 and (B1 + lb)) in which[∣∣∣∣Cpx
∣∣∣∣(B1+lb)B1
]
clean
=
∣∣∣∣Cp(B1 + lb) − Cp(B1)(B1 + lb) − B1
∣∣∣∣
clean
(7)
The value of M changes depending upon the value of B1 spec-
iﬁed in the design parameters of each aero-structural design per-
turbation. For reference, this is the same term that features in the 
objective function, g when there are no inﬂection points in the 
Cp proﬁle. This means that M = 0 for the clean aerofoil. When g
is successfully minimised, the performance metric value is max-
imised. This behaviour is well-illustrated in Fig. 10 and discussed 
in the following section. Poor placement of an SCB may actually 
increase the effective pressure differential which could result in a 
negative value of M . This is seen to be the case for a few early it-
erations in Fig. 10a and is attributed to downstream movement of 
the aerofoil pressure peak compared to the clean aerofoil, similar 
to the theoretical pressure distribution proposed in Fig. 8.
Summary of the optimisation rationale. The pressure-gradient-based 
performance metric introduced here aims to exploit the relation-
ship between local pressure gradient and SCB effectiveness. In con-
trast to just considering a global parameter such as L/D , this met-
ric will provide insight into how different adaptive SCB geometries 
impact the local aerofoil pressure gradient. This will facilitate a 
unique ﬂow-physics-based approach to designing aero-structurally 
optimised adaptive SCBs.Fig. 10. Key performance data through the iterations of the optimisation procedure. 
a) Performance metric. b) Bump height. c) Bump position. d) Maximum von Mises 
stress. e) Lift coeﬃcient within adaptive SCB. Where presented, iteration 0 marks 
the unmodiﬁed aerofoil.
3. Results
3.1. Optimal adaptive SCB designs
The aero-structural optimisation procedure took on average 
eight iterations to produce an optimal design. Optimisation con-
vergence was deﬁned to have occurred when the change to the 
performance metric between iterations fell below 0.1%. The design 
variables explored the design space via the centred ﬁnite differ-
ence scheme which resulted in 15 initial perturbations to the ini-
tial conditions.
Fig. 10 shows the variation of key parameters throughout the 
optimisation process from two initial conditions that represent 
SCBs with different initial heights. For both initial conditions pre-
sented, the most inﬂuential decision variable was SCB position B1. 
In both cases, the SCB position converges to x/c ≈ 0.43 which cor-
responds to a conﬁguration with the shock on the front surface 
(ramp) of the SCB. The optimiser recognises the dominance of SCB 
location and the evolution of optimal SCB placement can be seen 
in Fig. 10c. Table 2 shows the initial conditions submitted to the 
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Optimal SCB decision variables for the initial condition and optimal solution with 2 points of actuation. The ‘optimal solution’ is deﬁned as the geometry corresponding to 
iteration 12 with the small bump initial conditions in Fig. 10. The bump length lb = 0.2c.
B1/c x1/lb δ1/lb x2/lb δ2/lb σmax(MPa) M
Initial condition 0.47 0.5 0.01500 0.55 0.01500 308.4 0
Optimal solution 0.43 0.25 0.00725 0.5 0.00745 170.0 0.55
Fig. 11. (a) Geometry of the aerofoil upper surface with the optimised adaptive SCB deployed; (b) Mach number contours for the optimal SCB; (c) Pressure coeﬃcient proﬁles 
for the aerofoil with and without the optimal SCB. Flow conditions α = 3.19◦ , M∞ = 0.728, Re = 6.5× 106.106
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132optimiser (for the shorter of the two initial SCBs) and the subse-
quent optimal solution.
The performance metric proved to be sensitive to the presence 
of an SCB which supported its utilisation. The strong correlation 
between plots (a) and (c) in Fig. 10 conﬁrms that bump posi-
tion has the greatest effect upon performance primarily due to 
the change in shock structure around the SCB crest. The structural 
constraint set at max(σvM) < σy(1 − k) is shown to successfully 
inﬂuence the design in Fig. 10d. Once the optimiser iterates and 
produces a design that exceeds the yield stress, such as itera-
tion 5 of the tall bump initial condition, the design is penalised. 
The later iterations do not exceed this failure criterion, illustrating 
the constraint’s purpose within the optimisation procedure. Finally, 
Fig. 10e shows that the effects on the overall lift coeﬃcient are 
minimal, with a small (less than 1%) decrease relative to the un-
modiﬁed RAE-2822 aerofoil for all iterations.
Fig. 11 presents information on the geometry and ﬂow struc-
ture associated with the optimal adaptive SCB. Fig. 11a illustrates 
how the optimal SCB geometry (with pressure loading) consists of 
a region of high concave curvature around the front of the control 
region, followed by an extended region of more gradual convex 
curvature with an inﬂection point around half way along the SCB. 
Interestingly, such an inﬂection point has never been observed in 
optimal solutions determined by other optimisation studies in lit-
erature that have considered ﬁxed geometry SCBs. Comparison of 
the SCB geometry with and without aerodynamic pressure loading in Fig. 11a reveals how this unique shape is caused by the differ-
ential pressure loading on the front and rear ﬂexible surfaces of 
the SCB. The region of low pressure over the front of the SCB sig-
niﬁcantly increases the displacement and stresses in this region, 
particularly at the clamped end. The peak stress is observed to oc-
cur at the leading edge of the SCB (x/c = 0.43) as a combined 
result of the pressure and displacement loading.
The Mach number contours in Fig. 11b reveal that the optimal 
SCB successfully generates the classic bifurcated λ shock structure 
with minimal re-acceleration of the post-shock ﬂow over the rear 
half of the SCB. This is attributed to the presence of the inﬂec-
tion point and subsequent concave curvature at around x/lb ≈ 0.5, 
followed by an extended region of gentle convex curvature over 
the downstream half of the SCB. The pressure proﬁle in Fig. 11c is 
consistent with this observation and also neatly illustrates how the 
SCB only inﬂuences the ﬂow local to the imposed deformation, as 
expected.
Fig. 10b shows that as the optimiser progresses towards an op-
timal solution, the actuation height actually decreases slightly. For 
both presented aero-structural optima, the plates exhibit a maxi-
mum stress that is within the yield stress of the material (Fig. 10d). 
This conﬁrms that it is feasible to produce functional adaptive SCB 
solutions using existing aerospace grade materials without plastic 
deformation. The position of the crest with respect to the start of 
the bump (as deﬁned by the parameters x1 and x2), had little ef-
JID:AESCTE AID:4472 /FLA [m5G; v1.234; Prn:19/03/2018; 9:53] P.9 (1-12)
E. Jinks et al. / Aerospace Science and Technology ••• (••••) •••–••• 9
1 67
2 68
3 69
4 70
5 71
6 72
7 73
8 74
9 75
10 76
11 77
12 78
13 79
14 80
15 81
16 82
17 83
18 84
19 85
20 86
21 87
22 88
23 89
24 90
25 91
26 92
27 93
28 94
29 95
30 96
31 97
32 98
33 99
34 100
35 101
36 102
37 103
38 104
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66Fig. 12. Variation of performance metric M with SCB height and position for a range of optimal and sub-optimal designs.105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132fect on the performance metric with no correlation found in the 
range of values permitted.
SCB performance over a range of SCB heights is an important 
question for adaptive SCB that needs to be answered in order to 
predict aerodynamic performance during SCB deployment or re-
traction. To investigate this, a parametric study exploring the de-
sign space has been carried out and the results are reported in the 
following section.
3.2. Sub-optimal performance
Non-optimal solutions encountered during the optimisation 
process provide a wealth of information about how each design 
parameter inﬂuences overall performance, as measured by the per-
formance metric M . Results from these intermediate (sub-optimal) 
iterations provide a large data bank of valuable and physically valid 
(i.e. converged) results that can be explored to give further insight 
into the behaviour of adaptive SCBs. This approach also has rele-
vance to understanding how adaptive SCBs might best be utilised 
in scenarios where a range of ﬂow conditions are expected. For ex-
ample, during cruise, aircraft are often required to vary speed and 
altitude and these manoeuvres are likely to change shock location 
with respect to any SCB installed on a wing [6]. Clearly, being able 
to vary SCB geometry to accommodate such changes is an advan-
tage unique to adaptive devices.
As mentioned previously, the most inﬂuential variable in overall 
bump performance is SCB location, in particular the position of the shock relative to the crest of the SCB. This dependency has been 
widely reported in previous literature [8,10]. SCB height is another 
parameter which strongly inﬂuences the ﬂow over the SCB and 
thus the overall performance for a given SCB location. For these 
reasons, Fig. 12 presents the variation of performance metric M
against SCB height and SCB position for results from a selection 
of the optimisation perturbations and a parametric study. In each 
plot, results are grouped with respect to either SCB position or SCB 
height to further explore the relationship between these two pa-
rameters. The limits imposed by the structural constraint were in 
place during all the perturbations and only results for non-yielding 
solutions are shown.
The main trend evident in Fig. 12a is that shorter SCBs have 
better performance than taller SCBs with the performance metric 
dropping almost linearly from a peak of around 0.55 to 0 with 
increasing SCB height. An exception to this trend is observed for 
small actuation heights (typically δ/lb < 0.004) where performance 
is poor. This observed behaviour can be explained by considering 
the shock structure formed by different height SCBs. Very small 
displacements (0 < δ/lb < 0.004) give rise to a small amount of 
pressure smearing but do not lead to the formation of a clear bi-
furcated λ-shock. In contrast, almost all test cases with an SCB 
height δ/lb > 0.004 cause a well-deﬁned bifurcated λ-shock struc-
ture, leading to a signiﬁcant increase in pressure smearing. At large 
SCB heights, this beneﬁt is offset by strong re-acceleration of the 
post-shock ﬂow (similar to case 3 in Fig. 9), which ultimately leads 
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132to the observed drop in the performance metric M . Figs. 13 and 14
(discussed further later) conﬁrm the presence of this behaviour.
Fig. 12a also shows that SCB positions in the range 0.40 <
B1/c < 0.45 are consistently amongst the best performers, al-
though there is considerable scatter. In contrast, more upstream 
SCB positions (0.36 < B1/c < 0.40) always perform relatively 
poorly. The step-change in performance at a threshold of δ/lb ≈
0.004 appears to be universal and irrespective of SCB position. 
This behaviour is attributed to the aero-structural response of the 
ﬂexible surface: as SCB height is increased beyond this thresh-
old, movement of the main shock wave changes the aerodynamic 
pressure loading in such a way that causes the upstream half of 
the SCB to balloon, attaining a shape similar to the optimal ge-
ometry (with pressure loading) shown in Fig. 11a. In this way, 
even a relatively short SCB can achieve strong concave curvature 
at its leading edge, which is the geometric feature responsible for 
a strong λ-shock structure and associated pressure smearing.
These results suggest that short, adaptive SCBs may have the 
potential to achieve similar levels of (beneﬁcial) pressure smearing 
compared to taller solid SCBs while potentially mitigating some of 
the (detrimental) viscous effects associated with tall SCBs. This as-
sertion is supported by the Mach number contours in Fig. 11b (also 
presented as Fig. 14b), which show that the optimal SCB (with 
δ/lb = 0.0075) places the rear leg of the λ-shock at x/c ≈ 0.50
which is just on the front surface of the SCB (x/lb ≈ 0.40). This 
placement with respect to the shock is sympathetic to the ﬂow 
as it provides a small region of concave curvature immediately 
downstream of the shock followed by a long extent of very gradual 
convex curvature. This minimises the likelihood of separation and 
re-acceleration of the post-shock ﬂow, in agreement with pressure 
proﬁles in Fig. 13.
Fig. 12b explores the effect of SCB position B1 on performance. 
Only a subset of the results in Fig. 12a are reproduced in Fig. 12b: 
grouped into three distinct height ranges, all of which exceed the 
threshold identiﬁed in Fig. 12a. The plot does not show a universal 
trend between SCB position and performance, and rather conﬁrms 
that the performance metric is more sensitive to actuation height, with a clear banding of the results for the three different SCB 
height ranges considered.
The shortest SCBs (0.005 < δ/lb < 0.009) show the strongest 
sensitivity to SCB position, with a jump in the performance metric 
from ≈ 0.25 → 0.50 when B1/c exceeds ≈ 0.42. Good performance 
is maintained for 0.43 < B1/c < 0.46 before a subsequent gradual 
decrease in performance is observed for B1/c > 0.46. Moderate 
height SCBs (0.012 < δ/lb < 0.017) also show some sensitivity to 
SCB position. However, unlike the shorter devices, performance 
is highest for the upstream SCB positions and decreases as SCB 
position moves downstream. This suggests that relatively good per-
formance can be achieved with moderately tall SCBs providing the 
SCB is optimally positioned (0.40 < B1 < 0.43c). However, a rapid 
drop-off in performance is observed for SCB positions outside this 
range. Finally, the tallest SCBs (0.021 < δ/lb < 0.025) show very lit-
tle sensitivity to SCB position, and conﬁrm the trend from Fig. 12a 
that the performance of adaptive SCBs degrades with further in-
creasing actuation height.
The sensitivity of the ﬂow to shock position (and more specif-
ically crest location) previously reported by [10] is broadly con-
sistent with the results for the short and moderate height SCBs 
presented in Fig. 12b. SCB position effectively determines the po-
sition of the bump crest relative to the main shock wave on the 
aerofoil, calculated to be at x/c = 0.495 for the unmodiﬁed aero-
foil. The best performing bumps are those with a leading edge in 
the range 0.43 ≤ B1 ≤ 0.45c corresponding to crest locations 
in the range 0.51 ≤ x/c ≤ 0.58. In all cases this yields a scenario 
where the rear leg of the λ-shock sits on the front face of the SCB 
with subsonic ﬂow over the rear face of the SCB: an advantageous 
arrangement as discussed previously.
Figs. 13 and 14 show the effect of SCB height on the sur-
face pressure, skin friction and Mach number distributions around 
the aerofoil. All results in these ﬁgures were obtained with an 
SCB position matching that of the optimal SCB discussed earlier 
(B1/c = 0.43) for SCB heights in the range 0.005 < δ/lb < 0.020.
The pressure proﬁles in Fig. 13 highlight how large actua-
tor displacements produce SCB shapes that cause signiﬁcant re-
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the range 0.005 < δ/lb < 0.020 and an SCB location B1/c = 0.43. The Mach num-
ber contours in (b) match those presented in Fig. 11 for the optimal SCB, but are 
presented here with a slightly different colourscale.
Fig. 15. L/D variation for increasing bump height. Clean aerofoil L/D ratio included 
for comparison.
acceleration of the post-shock ﬂow over the SCB crest and ex-
tensive regions of low pressure between 0.51 < x/c < 0.61. The 
wall shear stress in Fig. 13c drops below zero around the SCB 
crest (x/c ≈ 0.52) for each of the three tallest geometries, indica-
tive of the onset of ﬂow separation. An additional region of sepa-
rated ﬂow is present around the upstream edge of the tallest SCB 
(δ/lb = 0.0200). In all cases, the onset of separation is clearly cor-
related to the strength of the adverse pressure gradient. No ﬂow 
separation is observed for the optimal (δ/lb = 0.0075) or smallest 
(δ/lb = 0.0050) displacement cases.
The pressure around the most upstream extent of the con-
trol region (x/c ≈ 0.43) shows a strong dependency on actuation 
height. Increasing actuation leads to a larger angle of the front sur-face of the SCB, which governs the strength of the initial oblique 
shock (λ-shock front leg) and associated pressure gradient. The 
strength of this initial oblique shock determines the Mach num-
ber over the front surface of the SCB and hence the strength of the 
λ-shock rear leg. This interdependency is clearly shown in Fig. 13c, 
where the magnitude of the second rise in Cp around x/c ≈ 0.48
is inversely proportional to the size of the initial rise at around 
x/c ≈ 0.43. Optimum performance is achieved when the ﬁrst pres-
sure rise is quite small. This corresponds to a reasonably strong 
λ-shock rear leg, which ensures that the post-shock ﬂow is decel-
erated signiﬁcantly below Mach 1 before it reaches the SCB crest. 
This feature, together with the gentle curvature of the downstream 
surface of the optimal SCB, avoids re-acceleration of the post-shock 
ﬂow to supersonic velocities.
In contrast, the taller SCBs generated with greater actuation in-
cur a weak λ-shock rear leg which results in a post-shock Mach 
number very close to 1 for the ﬂow approaching the SCB crest, 
and ultimately re-acceleration to supersonic velocities and sec-
ondary shock waves. Close inspection of the pressure and Mach 
number distributions reveal that the λ-shock rear-leg moves for-
wards slightly with increasing actuation height, which exposes the 
post-shock ﬂow to greater curvature over the crest.
3.2.1. Global aerodynamic performance
The aero-structurally optimised adaptive SCB does not cause 
the ﬂow to separate over the SCB crest. This is a reassuring re-
sult which supports the choice of the pressure gradient-based per-
formance metric as a tool for identifying promising adaptive SCB 
designs that have a favourable impact on ﬂow quality in the con-
trol region. In this section, we consider the impact of the applied 
control on the global performance metric L/D , to further assess 
the potential of adaptive SCBs and facilitate comparison with other 
(ﬁxed geometry) SCB optimisation studies [6,10,26,29,30].
Fig. 15 shows the variation of L/D for the aerofoil with opti-
mally positioned adaptive SCBs (B1/c = 0.43) with the same range 
of heights considered in Figs. 13 and 14. The plot shows that all 
SCBs result in a small decrease in L/D relative to the unmodiﬁed 
RAE-2822 aerofoil. The largest drop in L/D occurs for the tallest 
SCB (δ/lb = 0.020): almost 1% relative to the unmodiﬁed aerofoil. 
For the optimal SCB (δ/lb = 0.0075), the drop in L/D is ≈ 0.3%. 
This change actually consists of a small decrease in Cd of ≈0.5%
that is unfortunately offset by a loss in Cl of ≈0.8%, as presented 
previously in Fig. 10e.
These numbers are unremarkable if compared to headline re-
sults from other studies that have suggested SCBs may augment 
L/D by as much as 10% or more at certain operating condi-
tions [6,10]. However, they do conﬁrm that the addition of an aero-
structurally optimised adaptive SCB can have a favourable impact 
on ﬂow quality in the shock region without having a signiﬁcant 
adverse affect on global aerofoil performance. This implies adap-
tive SCBs may have potential as a ﬂow control device to faciliate 
the design of aerofoils with strong shock waves, such as a tran-
sonic laminar ﬂow aerofoil.
4. Conclusions
A computational study to design an adaptive shock control 
bump (SCB) for a transonic aerofoil has been performed. The study 
has utilised aerodynamic and structural computational (FEA) tools 
to capture the ﬂow physics of the ﬂuid-structure interaction on 
an actuated ﬂexible portion of the upper surface of an RAE-2822 
transonic aerofoil. A novel performance metric based on the local 
surface-pressure gradient in the shock-region (rather than a global 
aerodynamic performance metric such as L/D or Cd) is used to 
guide an optimisation framework.
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process to produce an adaptive SCB geometry that bifurcates the 
shock on the aerofoil to form a λ-shock structure with signiﬁ-
cant beneﬁcial pressure-smearing in the shock-region. In addition 
to the (active) ﬁxed displacement constraints, the (passive) aero-
dynamic pressure force on the ﬂexible surface plays an important 
role in achieving this geometry, which exhibits a shape that is 
unique to adaptive SCBs: the resultant geometry is characterised 
by (1) a moderate amount of concave curvature at the leading 
edge; (2) a convex ramp with maximum height at around 40%
of the bump length; (3) an inﬂection point at around 50% of the 
bump length which introduces concave curvature; (4) an extended 
region of gentle convex curvature over the rear half of the SCB; 
(5) gentle concave curvature at the trailing edge.
The upstream half of the SCB geometry bifurcates the shock, 
while the crest and downstream half are responsible for care-
ful management of the recovering post-shock ﬂow. Optimal pres-
sure smearing occurs when the initial compression around the 
SCB leading edge is relatively weak, which is achieved with small 
displacement heights. At this condition, separation along the en-
tire SCB length is avoided, despite the relatively high uncontrolled 
shock strength (Mclean ≈ 1.25). The adaptive SCB yields a decrease 
in overall drag of ≈0.5%, although this is offset by a drop in lift 
of 0.8%, giving a small overall drop in L/D of 0.3%. These results 
suggest adaptive SCBs are particularly well-suited to geometries 
where a strong shock wave is unavoidable, such as on a laminar 
ﬂow wing; a conclusion in common with conventional (ﬁxed ge-
ometry) SCBs.
A parametric study of adaptive SCB designs reveals a unique 
dependence of performance on the imposed displacement (height) 
of the device: shorter (less tall) SCBs generally perform better 
than taller ones, and maintain their performance advantage over 
a wider range of SCB positions. This suggests such devices are 
likely to exhibit good robustness to variations in shock position 
(which are an inevitable feature of any real-world ﬂight applica-
tion); a result that is in contrast to conventional (ﬁxed geometry) 
SCBs, where optimal performance (commonly deﬁned in terms of 
drag saving or similar) is achieved with taller SCBs, at the expense 
of poor robustness to variations in shock position. Finally, the po-
tential of adaptive SCBs to achieve good performance with small 
imposed displacements is attractive with respect to practical con-
siderations that include fatigue loading: small displacements avoid 
high stresses (in either the ﬂexible surface material or actuation 
mechanism) and thus prolong the life of the system.
Conﬂict of interest statement
None declared.
Acknowledgements
The ﬁrst author would like to thank the UK Engineering and 
Physical Sciences Research Council who provided funding for this 
work.
References
[1] P. Ashill, J.L. Fulker, A. Shires, A novel technique for controlling shock strength 
of laminar-ﬂow aerofoil sections, in: First European Forum on Laminar Flow 
Technology, 1992, pp. 175–183.[2] E. Stanewsky, J. Délery, J.L. Fulker, P. de Matteis, Drag Reduction by Shock and 
Boundary Layer Control: Results of the Project EUROSHOCK II, Springer, 2002.
[3] E.W. Millholen II, R.L. Owens, On the application of contour bumps for tran-
sonic drag reduction (invited), AIAA J. 0462 (2005) 1–19.
[4] H. Ogawa, H. Babinsky, Evaluation of wave drag reduction by ﬂow control, 
Aerosp. Sci. Technol. 10 (1) (2006) 1–8.
[5] J. Birkemeyer, H. Rosemann, E. Stanewsky, Shock control on a swept wing, 
Aerosp. Sci. Technol. 4 (3) (2000) 147–156.
[6] J. Eastwood, J.P. Jarrett, Toward designing with three-dimensional bumps for 
lift/drag improvement and buffet alleviation, AIAA J. 50 (12) (2012) 2882–2898.
[7] S.P. Colliss, H. Babinsky, K. Nübler, T. Lutz, Joint experimental and numerical 
approach to three-dimensional shock control bump research, AIAA J. 52 (2) 
(2014) 436–446.
[8] P.J.K. Bruce, H. Babinsky, An experimental study into the ﬂow physics of three-
dimensional shock control bumps, J. Aircr. 49 (5) (2012) 1222–1233.
[9] P.J.K. Bruce, S.P. Colliss, Review of research into shock control bumps, Shock 
Waves 25 (5) (2015) 451–471.
[10] N. Qin, W.S. Wong, A. Le Moigne, Three-dimensional contour bumps for tran-
sonic wing drag reduction, Proc. Inst. Mech. Eng., Part G: J. Aerosp. Eng. 222 (5) 
(2008) 619–629.
[11] S.P. Colliss, H. Babinsky, K. Nübler, T. Lutz, Vortical structures on three-
dimensional shock control bumps, in: 51st AIAA Aerospace Sciences Meeting 
including the New Horizons Forum and Aerospace Exposition, January, AIAA, 
Grapevine (Dallas/Ft. Worth Region), Texas, 2013, pp. 1–15.
[12] T. Lutz, A. Sommerer, S. Wagner, Parallel numerical optimisation of adaptive 
transonic airfoils, in: IUTAM Symposium – Transonicum IV, Kluwer Academic 
Publishers, 2003, pp. 265–270.
[13] W. Wadehn, A. Sommerer, T. Lutz, D. Fokin, G. Pritschow, S. Wagner, Struc-
tural concepts and aerodynamic design of shock control bumps, in: ICAS 2002 
Congress, 2002.
[14] O. Rhodes, M. Santer, Aeroelastic optimization of a morphing 2D shock con-
trol bump, in: 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics 
and Materials Conference 20th AI, 23–26 April 2012, Honolulu, Hawaii, AIAA 
2012-1440, 2012, pp. 1–17.
[15] M. Visbal, On the interaction of an oblique shock with a ﬂexible panel, J. Fluids 
Struct. 30 (2012) 219–225.
[16] M. Visbal, Viscous and inviscid interactions of an oblique shock with a ﬂexible 
panel, J. Fluids Struct. 48 (2014) 27–45.
[17] V. Pasquariello, S. Hickel, N. Adams, G. Hammerl, W. Wall, D. Daub, S. Willems, 
A. Guelhan, Coupled simulation of shock-wave/turbulent boundary-layer inter-
action over a ﬂexible panel, in: 6th European Conference for Aerospace Sci-
ences, 2015.
[18] E. Jinks, P.J.K. Bruce, M. Santer, Wind tunnel experiments with ﬂexible plates 
in transonic ﬂow, in: 54th AIAA Aerospace Sciences Meeting at AIAA SciTech, 
January, AIAA, San Diego, CA, USA, 2016.
[19] ABAQUS, Dassault Systèmes, Providence, RI, USA, 2007.
[20] AGARD-AR-138, Experimental Data Base for Computer Program Assessment, 
Tech. rep., NATO Advisory Group for Aerospace Research and Development.
[21] OpenFOAM, www.openfoam .org, 2017. (Accessed 12 February 2017).
[22] P. Spalart, S. Allmaras, A one-equation turbulence model for aerodynamic ﬂows, 
in: 30th Aerospace Sciences Meeting and Exhibit, Reno, Nevada, 1992, 0439.
[23] P. Cook, M. McDonald, M. Firmin, Aerofoil RAE 2822 – Pressure Distributions, 
and Boundary Layer and Wake Measurements, Experimental Data Base for 
Computer Program Assessment, AGARD Report AR 138.
[24] H. Ogawa, H. Babinsky, M. Patzold, T. Lutz, Shock-wave/boundary-layer interac-
tion control using three-dimensional bumps for transonic wings, AIAA J. 46 (6) 
(2008) 1442–1452.
[25] O. Rhodes, Optimal Design of Morphing Structures, Phd thesis, Imperial College 
London, 2012.
[26] B. Yagiz, O. Kandil, Y.V. Pehlivanoglu, Drag minimization using active and pas-
sive ﬂow control techniques, Aerosp. Sci. Technol. 17 (1) (2012) 21–31.
[27] D. Lee, G. Bugeda, J. Periaux, E. Onate, Robust active shock control bump design 
optimisation using hybrid parallel MOGA, Comput. Fluids 80 (2013) 214–224.
[28] M. Kutzbach, T. Lutz, S. Wagner, Investigations on shock control bumps for inﬁ-
nite swept wings, in: 2nd AIAA Flow Control Conference, June 27–July 1, 2004, 
Portland, OR, 2004, pp. 1–10.
[29] D.S. Lee, L.F. Gonzalez, J. Periaux, G. Bugeda, Double-shock control bump design 
optimization using hybridized evolutionary algorithms, Proc. Inst. Mech. Eng., 
Part G: J. Aerosp. Eng. 225 (10) (2011) 1175–1192.
[30] D.S. Lee, J. Periaux, E. Onate, L.F. Gonzalez, N. Qin, Active transonic aerofoil de-
sign optimization using robust multiobjective evolutionary algorithms, J. Aircr. 
48 (3) (2011) 1084–1094.128
129
130
131
132
